Abstract-Angiotensin-converting enzyme (ACE) 2 is a recently identified homologue of ACE. There is great interest in the therapeutic benefit for ACE2 overexpression in the heart. However, the role of ACE2 in the regulation of cardiac structure and function, as well as maintenance of systemic blood pressure, remains poorly understood. In cell culture, ACE2 overexpression led to markedly increased myocyte volume, assessed in primary rabbit myocytes. To assess ACE2 function in vivo, we used a recombinant adeno-associated virus 6 delivery system to provide 11-week overexpression of ACE2 in the myocardium of stroke-prone spontaneously hypertensive rats. ACE2, as well as the ACE inhibitor enalapril, significantly reduced systolic blood pressure. However, in the heart, ACE2 overexpression resulted in cardiac fibrosis, as assessed by histological analysis with concomitant deficits in ejection fraction and fractional shortening measured by echocardiography. Furthermore, global gene expression profiling demonstrated the activation of profibrotic pathways in the heart mediated by ACE2 gene delivery. This study demonstrates that sustained overexpression of ACE2 in the heart in vivo leads to the onset of severe fibrosis. (Hypertension. 2009;53:694-700.)
O veractivity of the renin-angiotensin (Ang) system plays a fundamental role in the pathophysiology of hypertension and progression of heart failure. 1 Ang-converting enzyme (ACE) 2 is a recently identified homologue of ACE, and their catalytic domains share 42% amino acid identity. [2] [3] [4] ACE2 expression is restricted to the heart, kidney, and testis. 2, 5 After myocardial infarction, increased ACE2 expression in the heart localized to vascular endothelium, smooth muscle, and cardiomyocytes in both rats and humans. 6 Unlike ACE, ACE2 functions as a carboxypeptidase rather than a dipeptidyl carboxypeptidase 5 and counterbalances the vasopressor effects of ACE. 7 ACE2 primarily hydrolyzes Ang II and, less efficiently, Ang I, 2 resulting in Ang 1-7 and Ang 1-9. Ang 1-9 is further hydrolyzed to Ang 1-7 by the actions of ACE. 5 ACE inhibitors and Ang II receptor blockers are effective drugs for the treatment of cardiovascular diseases, as a result of blocking the vasoconstrictor, hypertrophic, and proinflammatory actions of Ang II. 8 -11 Thus, ACE2 may play a pivotal role in the renin-Ang system by reducing concentrations of Ang II and raising levels of Ang 1-7. 12, 13 Therefore, manipulation of ACE2 activity has potential therapeutic use. However, ACE2 knockout mice have been associated with severe contractile dysfunction 14 or, conversely, with no observed effects on cardiac dimension or function. 15 Overexpression of ACE2 by local delivery of lentivirus in the hearts of spontaneously hypertensive rats attenuated high blood pressure (BP) and perivascular fibrosis, reduced left ventricular (LV) wall thickness, and increased LV end diastolic and end systolic diameters. 16 Conversely, transgenic overexpression of ACE2 in murine myocardium resulted in mild interstitial fibrosis and conduction disturbances leading to ventricular fibrillation, arrest, and sudden death. 17 Gene delivery is a powerful approach to attenuate pathophysiological events. 18 Recently, adeno-associated viruses (AAVs), in particular, AAV 6, 8 , and 9, have emerged as promising cardiac gene transfer vectors. 19 -21 Here, we assessed the therapeutic potential of sustained overexpression of ACE2 on cardiac structure and function in stroke-prone spontaneously hypertensive rats (SHRSPs), an established recognized model of cardiovascular disease with genetic predisposition to essential hypertension and stroke sensitivity. 22 Moreover, SHRSPs develop concentric LV hypertrophy 23 in response to BP elevation 23 that is evident at 12 weeks of age 24 and also display endothelial dysfunction. 25, 26 It is considered a valuable model because pathophysiological similarities to human disease exists, such as local factors for stroke, 27 and male SHRSPs maintain a higher BP than females.
Methods
These studies were approved by the home office according to regulations regarding experiments with animals in the United Kingdom.
Recombinant AAV6 and Recombinant AAV9 Vector Biodistribution and Transduction Efficiencies
Male 6-week-old SHRSPs were administered a single IV injection of recombinant AAV6 (rAAV6):CMVlacZ (2ϫ10 11 , 1.5ϫ10 12 , and 3ϫ10 12 viral particles [VP] per rat) in the presence or absence of recombinant human vascular endothelial growth factor (VEGF)-165 (20 g/100 g weight) or rAAV9:CMVlacZ at identical doses under general anesthesia (2% isoflurane, vol/vol). Two weeks postdelivery, DNA was extracted using the QIAmp DNA Mini kit (Qiagen). Real-time PCR was used to quantify vector genome particle number in tissue extracts. SyBr Green PCR core reagents kit (Applied Biosystems) with 200 nmol/L lacZ primers, forward (5ЈATCTGACCACCAGC-GAAATGG3Ј) and reverse (5ЈCATCAGCAGGTGTATCTGCCG3Ј) amplified DNA under the following conditions: 95°C, 10 minutes; 95°C, 15 seconds; 60°C, 1 minute (50 cycles); 95°C, 15 seconds; 60°C, 15 seconds; and 95°C, 15 seconds. To assess ␤-galactosidase expression, 6-m sections were blocked in 20% swine serum before 1-hour incubation with anti-␤-galactosidase antibody (MP Biomedicals). Sections were incubated with swine-anti-rabbit FITC antibody. For tissue and whole-limb staining, tissues were fixed in 2% paraformaldehyde before incubation in 5-bromo 
Assessment of Systolic BP
Four groups of animals (nϭ6 per group) were included in the rAAV6:ACE2 overexpression study: PBS, enalapril, rAAV6:human placental alkaline phosphatase (control vector, as characterized previously by Odom et al 28 ) , and rAAV6:ACE2 (ACE2 cDNA was a kind gift from Mohan Raizada). Male 8-week-old SHRSPs received 3ϫ10 12 vp of either rAAV6:human placental alkaline phosphatase (hPLAP) or rAAV6:ACE2. Control animals were infused with 200 L of PBS, and enalapril was supplied in the drinking water at 0.1 mg/mL. Systolic BP monitoring was carried out weekly by computerized tail-cuff plethysmography. 24 
Assessment of Cardiac Structure and Function by Echocardiography
Transthoracic echocardiography was performed using an Acuson Sequoia c512 ultrasound system with a 15-MHz linear array transducer. 2-D guided M-mode images at a 2-mm depth were recorded at the tip of papillary muscles. Posterior and anterior wall thicknesses of the LV chamber and its diameter during systole and diastole were measured in short-axis view using leading edge-to-leading edge convention. All of the parameters were measured over Ն3 consecutive cardiac cycles. Ejection fraction was defined as follows: ejection fractionϭ[(LVEDVϪLVESV)/LVESDϫ100], where LVEDV is LV end diastolic volume, LVESV is LV end systolic volume, and LVESD is LV end systolic diameter. Fractional shortening was derived as follows: fractional shorteningϭ[(LVEDDϪLVESD)/LVEDDϫ100], where LVEDD is LV end diastolic diameter. Cardiac output was derived as follows: cardiac outputϭ[(ESVϪEDV)ϫHR], where ESV is end systolic volume, EDV is end diastolic volume, and HR is heart rate.
Histological Analysis Postmortem
Formalin-fixed, paraffin-embedded tissue sections (6 m) were deparaffinized and rehydrated through alcohol and stained with hematoxylin and eosin. For ACE2, sections were incubated with rabbit anti-ACE2 antibody or matched rabbit IgG nonimmune control (Dako) then detected with biotinylated universal secondary antibodies (1:200), ABC kit, and standard diaminobenzidine staining. For immunofluorescence, heart sections were dual stained with ACE2 and ␣-sarcomeric actin and detected with goat antirabbit FITC (green) and goat antimouse Alexa 633 (red), respectively. For Picrosirius Red, sections were incubated in Sirius Red F3B (0.1% wt/vol saturated picric acid), washed in 0.01 N HCl, and distilled H 2 O. Masson's trichrome stain kit (Sigma) was used. For quantification of staining, pixel intensity was measured using Image ProPlus software using methods described previously. 29 
Statistical Analysis
Comparisons were made using 1-way ANOVA. Statistical analysis was performed in Prism version 4.0 (Graph Pad Software). For all of the tests, PϽ0.05 is statistically significant following Bonferroni or Tukey's posthoc analysis, and results represent mean values and SEM of the data. Cell measurements were analyzed using the Student t test.
Results

In Vitro Assessment of Myocyte Structure
We first assessed the effects of ACE2 overexpression on the structure of isolated primary rabbit myocytes. Adenovirusmediated gene transfer was used in vitro, because rAAV6 does not transduce myocytes in vitro and induce transgene expression in the necessary time frame because of the requirement for second-strand synthesis. ACE2 was efficiently expressed by Ad5 in isolated rabbit myocytes and resulted in a marked increase in cell hypertrophy ( Figure S1A through S1C, available in the online data supplement at http://hyper.ahajournals.org).
rAAV6 and rAAV9 Vector Biodistribution and Transduction Profiles in SHRSPs After Intravascular Delivery
We determined the capacity of rAAV6 and rAAV9 vectors to transduce the SHRSP heart after a single systemic injection. Both vectors were efficient, and rAAV6-mediated gene transfer was not modified by VEGF coadministration ( Figure  1A and 1B). Levels of gene expression mediated by rAAV6 in mice had previously been found to be enhanced by VEGF coadministration. 30 Biodistribution studies were carried out ( Figure S2 ), and vector genomes were quantified by TaqMan and revealed marked differences in vector genome accumulation ( Figure 1C) . Furthermore, biodistribution of rAAV9-packaged genomes to the kidney was far higher than rAAV6. We, therefore, proceeded with rAAV6 for delivery of ACE2 to the myocardium of SHRSPs in vivo.
Effect on BP
To be packaged into rAAV6 vectors, the ACE2 gene was cloned into an AAV shuttle plasmid and tested for functional expression of the ACE2 gene in COS7 cells ( Figure S3 ). Male rats were injected with rAAV6:ACE2, control vectors, or PBS at 8 weeks of age. A previous study indicated a potentially beneficial effect of ACE2 overexpression on BP. 16 We, therefore, analyzed BP after in vivo ACE2 gene transfer. Enalapril treatment was included as a positive control for BP measurements. PBS and rAAV6:hPLAP control animals showed an equivalent increase in BP over time, characteristic of SHRSP ( Figure S4 ). This rise in systolic BP was significantly attenuated by enalapril and by ACE2 overexpression (PϽ0.001). The effects of ACE2 overexpression were especially evident at later time points after injection ( Figure S4 ).
Effect of ACE2 Overexpression on In Vivo Cardiac Function
Our principle aim was to document the effect of long-term ACE2 overexpression on cardiac function during the establishment of hypertension and LV hypertrophy in the SHRSP, which is evident at 12 weeks of age. 24 Cardiac function was monitored by echocardiography over the following 11 weeks. LV M-mode echocardiography demonstrated a change in LV diameter and reduction in wall thickness at 4, 8, and 11 weeks postinfusion with reduced systolic function in the rAAV6:ACE2 vector-infused animals compared with PBS, enalapril, and rAAV6:hPLAP vector-infused rats ( Figure 2A ). M-mode images were used to define wall thicknesses and internal diameters at systole and diastole. Rats treated with rAAV6:ACE2 exhibited a significant (28%) reduction in ejection fraction and also in fractional shortening compared with controls (Table S1 and Figure 2B and 2C). As expected, cardiac output increased with age and body mass in control SHRSPs (Table S1 and Figure  2D ). However, no change in cardiac output occurred in rAAV6:ACE2-treated rats ( Figure 2D ). Furthermore, systolic BP/end systolic volume ratio demonstrated that the rAAV6:ACE2-treated SHRSP showed decreased LV performance ( Figure 2E ). Interventricular septal wall thickness decreased by 14% in the rAAV6:ACE2 group. There was minimal effect on wall thickness in the rAAV6:hPLAP and PBS groups, and LV mass index did not significantly differ between groups ( Figure S5 and Table S1 ). Echocardiography studies, therefore, revealed that ACE2 overexpression leads to a significant reduction in cardiac function compared with control groups.
Histological Evaluation of Cardiac Structure
Sustained overexpression of ACE2 in rats receiving rAAV6:ACE2 was confirmed at 11 weeks postinjection ( Figure 3A ). ACE2 overexpression in the heart was colocalized with ␣-sarcomeric actin expression, confirming that ACE2 overexpression occurred selectively in cardiac myocytes ( Figure 3B ). ACE2 mRNA was also shown to be upregulated in the hearts of rAAV6:ACE2-treated animals in comparison with rAAV6:hPLAP controls ( Figure S6 ). Clear evidence of cardiac dysregulation in ACE2-expressing hearts was observed with irregular myocyte shape ( Figure 3C ). The effect of ACE2 on cardiac fibrosis was assessed by Picrosirius Red ( Figure 3C ) and Masson's trichrome stain ( Figure  3C ). Myocardial interstitial fibrosis was only observed in the ACE2-expressing SHRSPs ( Figure 3C ), correlating with the increased expression of collagen I and III in the hearts of rAAV6:ACE2-transduced rats only ( Figure S7A and S7B). Expression of gap junction protein connexin 43 was detected between myocytes in all of the groups ( Figure 3C ). The pattern of connexin 43 staining confirmed the disrupted myocardial organization present in the rAAV6:ACE2-infused animals that was apparent in the hematoxylin and eosin sections ( Figure 3C ). Endothelial staining with rat endothelial cell marker RECA-1 revealed no obvious evidence of increased angiogenesis in ACE2-treated rats ( Figure 3C ). Although expression of Ang II was not seen to alter significantly between groups, Ang 1-7 expression was significantly increased in the rAAV6:ACE2-transduced group ( Figures  4A, 4B , S7A, and S7B). Collagen I and III expression levels were both significantly increased in the rAAV6:ACE2-transduced group ( Figures 4C, 4D , S7C, and S7D). No evidence of increased cardiac apoptosis was found in the hearts of rAAV6:ACE2-transduced animals at the 3-month time point ( Figure S8 ). In assessment of ACE and ACE2 activity in heart lysates from rAAV6:ACE2-transduced animals, ACE2 activity was greater than ACE activity, and both were blocked by incubation with their specific inhibitors (data not shown). (1ϫ10  11 vp, 1ϫ10  12 vp, or  3ϫ10 12 vp). A, Transverse sections of heart tissue fixed and stained for ␤-galactosidase expression en face were taken 14 days postdelivery of rAAV6, rAAV6ϩVEGF, or rAAV9 vectors. B, Immunofluorescent detection of ␤-galactosidase expression with nuclear counterstain DAPI, in heart sections from rAAV6 and rAAV9 vector-transduced animals and PBS-infused control animal. Scale barϭ50 m. C, Total DNA was extracted from heart, kidney, tibialis anterior, and triceps brachii, and quantitative PCR was performed using lacZ primers. Data are plotted as the mean quantity of viral particles in each tissue analyzed. The 3 bars for each tissue with each virus represent the 3 different doses. 
Global Gene Expression Profiling
To assess transcriptional activity in the hearts of animals overexpressing ACE2, we performed gene expression profiling using Illumina expression arrays on animals terminated at 4 weeks postgene transfer. Microarray analysis revealed activation of a profibrotic phenotype at the transcriptional level in ACE2 animals. Fibrosis-associated genes, including collagen type III␣1, fibronectin 1, and lysyl oxidase, were upregulated (Table S2 and Figure S9 ). Furthermore, genes implicated in the maintenance of cardiac function, including apelin, myosin heavy chain 11, and GATA binding protein 6, were found to be downregulated (Table S2 and Figure S9 ). The regulation of integrin ␤2, fibronectin 1, and myosin heavy chain 11 was assessed in the hearts of rAAV6:ACE2-transduced SHRSPs in comparison with rAAV6:hPLAPtransduced SHRSPs (Figure S10A through S10C). Gene expression data correlated with the pathway shown in Figure  S9 . These data confirm the activation of transcriptional pathways defining profibrotic effects mediated by myocardial ACE2 delivery in vivo.
Discussion
In the present study, we demonstrate that efficient and sustained (11-week) rAAV6-mediated ACE2 overexpression in myocardium of SHRSPs exerts detrimental effects on cardiac structure and function while lowering BP. Myocardial changes were characterized by morphological adaptations including severe myocardial interstitial and perivascular fibrosis, an increase in collagen content, and abnormal myocardial organization. The effects of ACE2 overexpression were presumed to be a direct effect on cardiomyocytes as rAAV6 mediates selective gene delivery to cardiomyocytes, confirmed by biodistribution studies and ACE2 expression colocalization studies. However, a disruption in the communication between myocytes and cardiac fibroblasts cannot be ruled out as a potential interaction pertinent to the development of the observed phenotype. Cardiomyocytes could not be isolated from the hearts of rAAV6:ACE2-transduced SHRSPs to assess hypertrophy at the single-cell level, because the degree of fibrosis made the process of isolation too severe for myocyte survival. However, in vitro studies confirmed that ACE2 overexpression leads to cardiomyocyte hypertrophy. The pivotal role of Ang II in hypertension and LV hypertrophy is well documented. Studies in ACE2-deficient mice 15 showed an increase in systolic BP and elevated plasma levels of Ang II, indicating that ACE2 is key in the metabolism of Ang II. At present, however, the role of ACE2 in the renin-Ang system remains ambiguous. Previous ACE2 intervention studies in mice or rats 16 have shown conflicting results. Crackower et al 14 proposed ACE2 as an essential regulator of heart function. The loss of ACE2 in mice resulted in severe cardiac contrac- 
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tility defects and an increase in Ang II levels, indicating that ACE2 controls levels of Ang II in vivo. 14 In a separate study, ACE2 gene transfer resulted in significant attenuation of high BP and cardiac fibrosis in the spontaneously hypertensive rat. 16 However, Donoghue et al 17 showed that transgenic mice with increased cardiac ACE2 expression displayed a high incidence of sudden death. In the present study, transduction of cardiomyocytes with both low and high doses of Ad5:ACE2 led to an increase in cell volume. Recently, it has been shown that ACE2 overexpression, followed by permanent coronary artery ligation in rats, resulted in cardiac function preservation. 31 The BP data in this present study correlate with that of studies in which ACE2 was overexpressed via lentiviral vector delivery. 16 However, it is unlikely to have occurred via the same mechanism. Using lentiviral vectors, 16 expression of ACE2 after intracardiac injection was shown to occur in the kidney through systemic leakage of the vector, whereas the biodistribution patterns of our vector show no evidence of substantial expression in the kidney. Therefore, attenuation of high BP in the spontaneously hypertensive rat could be because of beneficial effects of ACE2 acting directly to metabolize Ang II into Ang 1-7 in the kidney. The high BP attenuation in the present study could be explained by a beneficial effect of ACE2 acting on the peripheral circulation, because the expression of ACE2 in our study is not limited to the myocardium. This effect could be mediated either as an effect of activation of the Ang 1-7 Mas receptor, which mediates endothelial NO synthase activation and, thus, NO release, 32 or indirectly as a consequence of reduced Ang II levels, because Ang II has been shown to activate NAD(P)H oxidases, resulting in reactive oxygen species production, which inactivates NO. 33, 34 However, severe cardiac dysfunction and fibrosis may have lowered BP as a result of diastolic and systolic abnormalities generating cardiac decompensation. Cardiac dysfunction is present from 4 weeks postinfusion, whereas significance in BP differences occurs from 7 weeks postinfusion, suggesting that the underlying cardiac dysfunction precedes the lowered BP. Figure 3 . Cardiac histological analysis. Histological analysis was carried out on heart sections at termination at 11-weeks postinfusion (nϭ4). A, Immunohistochemistry with an anti-ACE2 antibody. Scale barϭ100 m; magnification, ϫ40. B, Dual staining of heart sections with ACE2 and ␣-smooth muscle actin. (C) Hematoxylin and eosin staining in all groups. Scale barϭ100 m; magnification, ϫ40. Heart sections were analyzed for fibrosis and collagen content by Picrosirius Red staining. Scale barϭ100 m; magnification, ϫ25.
Masson's trichrome staining. Scale barϭ30 m; magnification, ϫ20. Connexin 43 staining and RECA-1 staining. Scale barϭ100 m; magnification, ϫ40.
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In the study most akin to that described here, local cardiac delivery of a lentiviral vector overexpressing ACE2 resulted in transduction levels of Ͼ50% in some areas of the myocardium but to Ͻ5% in other areas. 16 Although studies using lentiviral vectors reported reduced BP and beneficial effects on cardiac fibrosis, it is plausible that ACE2 expression levels were not as high as in the present study. Thus, lower ACE2 levels may produce cardioprotective effects while avoiding the induction of detrimental effects on the heart. Transgene dose effects are supported by the occurrence of sudden death earlier in the high ACE2-expressing transgenic mouse line than in the lower-expressing line. 17 Onset of transgene expression from AAV6 in rat has been reported to be evident from 1 week postgene delivery, significantly increasing by 4 weeks and maximal by 12 weeks postgene delivery. 35 The temporal profile of rAAV6:ACE2 expression thus correlates with the echocardiography data in the present study, with deterioration of cardiac function being visible at 4 weeks postinfusion and greatest at the end point of 11 weeks postinfusion.
The hearts of the rAAV6:ACE2-treated animals in the present study showed a reduction in ejection fraction and fractional shortening, a decrease in interventricular wall thickness, a decrease in systolic BP/end systolic volume ratio, and no increase in cardiac output overtime, along with histological evidence of severe fibrosis. All of these phenotypes are consistent with severe cardiac dysfunction progressing toward heart failure. This is in agreement with the transgenic mouse study, which also found that overexpression of ACE2 resulted in profound cardiac dysfunction and mild cardiac fibrosis. 17 Cardiac fibrosis is a marker of cardiac failure and contributes to ventricular wall stiffness, impairing cardiac relaxation resulting in impaired ventricular filling and abnormal diastolic function. 36 -38 The pathogenesis of heart failure inevitably proceeds to dilated cardiomyopathy, in which heart chambers become markedly enlarged and contractile function deteriorates. In early stages, cardiac enlargement is an adaptive process to maintain cardiac output. However, as the heart overcompensates for declining systolic performance, dilation becomes a pathological process. Dilation in the present study, along with decreased wall thickness, would account for the lack of change in LV mass index in the ACE2-transduced SHRSP.
Perspectives
In conclusion, our data demonstrate the development of severe cardiac abnormalities associated with sustained ACE2 overexpression in vivo. Increased expression may result in loss of function of cardioprotective mechanisms. Additional work should address the extent to which these effects are correlated to the ACE2 expression levels to determine whether beneficial effects can be obtained with reduced expression levels or whether the increased expression of ACE2 at any level is deleterious for cardiac morphology and function. 
ACE and ACE2 Activity Assay
ACE and ACE2 activity were determined using an assay based on the use of Fluorogenic Peptide Substrate VI (FPS VI) (R&D Systems, Minneapolis, USA). ACE and ACE2
cleave an amide bond between the fluorescent group and the quencher group (Pro and Lys), resulting in an increase in fluorescence in the presence of ACE and ACE2 activity at excitation and emission spectra of 320 and 405 nm, respectively. Briefly, heart were lysed using lysis buffer (75 mM Tris pH 7.5, 1 M NaCl, and 0.5 µM ZnCl 2 ) and the protein content determined by BCA. Samples were normalised to an arbitrary quantity and made up to 50 µl. To the samples the following was added; 100 µM FPS VI, 10 µM ACE inhibitor captopril and reaction buffer (1 M NaCl, 75 mM Tris and 0.5 mM ZnCl, pH 7.5) in a final volume of 100 µl.
To determine specific ACE2 activity, the experiment was also carried out in the presence of 100 µM ACE2 inhibitor DX600 (Phoenix Pharmaceuticals, Inc, California, USA).
Fluorescence was monitored every 50 seconds for 2500 seconds using a spectrophotometer (Spectramax, Molecular Devices).
Histological Analysis
Formalin-fixed paraffin-embedded tissue sections (6µm) were sequentially deparaffinised and rehydrated through an alcohol gradient. For collagen 1, collagen III, Ang II and Ang
1-7 expression analysis, sections were incubated with relevant antibody or matched rabbit
IgG nonimmune control (Dako, Denmark) followed by detection with biotinylated universal secondary antibody (1/200), ABC Kit and standard diaminobenzidine staining.
Sections were counterstained with haematoxylin.
Taqman gene expression analysis
Total RNA was isolated from heart tissue at termination (4 weeks post-infusion)
following treatment with rAAV6:hPLAP or rAAV6:ACE2. cDNA was synthesised using a QPCR cDNA synthesis kit (Stratagene, CA, USA) as per manufacturer's instructions.
Expression of ACE2 was confirmed by Taqman™ Q-RTPCR using an ACE2 taqman gene expression assay (Applied Biosystems). Probes for integrin beta 2 (ITB2), fibronectin-1 (FN1) and myosin heavy chain 11 (MYH11) were used to assess regulation of the relevant genes.
Tunel assay
Formalin-fixed paraffin-embedded tissue sections (6 µm) were sequentially deparaffinised and rehydrated through an alcohol gradient. Sections were digested in 5 µg/ml proteinase K at room temperature for 15 minutes then incubated with reaction mixture (0.01mM dATP, 0.01mM biotin-16-dUTP, 50U Tdt) for 1 hour at 37 ºC.
Endogenous peroxidase was blocked in 3% H 2 O 2 before standard diaminobenzidine staining and haematoxylin counterstaining was carried out.
Illumina Gene Expression Profiling
2 groups of animals (n=6) were included in the rAAV6:ACE2 overexpression study.
Male 8 week old SHRSP received 3×10 12 vp of either rAAV6:hPLAP or rAAV6:ACE2
and hearts were excised 4-weeks post-infusion. Total RNA from heart samples was isolated using RNA mini kit from Qiagen according to the manufacturers instructions (Qiagen GMbH, Germany). The quality of total RNA was checked using the total RNA Nano chip assay on an Agilent 2100 Bioanalyzer (Agilent Technologies, Germany). RNA concentrations were determined using the NanoDrop spectrophotometer (Labtech International, U.K.).
Whole-genome-gene expression was assessed using a direct hybridisation approach.
Biotin-labeled cRNA samples for hybridization were prepared according to Illumina's recommended sample labelling procedure. Total RNA isolated from tissue underwent a single round of in vitro (IVT) transcription using the TotalPrepTM RNA Labeling Kit (Ambion, Texas). 500ng of total RNA was used for complementary DNA synthesis, followed by an amplification/labelling step to synthesize biotin-labeled cRNA. Purified cRNA was quality controlled on an Agilent 2100 Bioanalyser and spectrophotometrically quantified.
The labelled sample was then hybridised, washed and stained to each BeadChip. The In addition to the gene-specific beads, each array also contained control beads (>1000), which allowed all steps in the process to be monitored for sample quality, labelling success rate, hybridisation stringency and signal generation. Illumina Beadstudio software also reported the performance of controls.
Quality controlled Illumina microarrays were normalised using the rank invariant algorithm and the resulting data further analysed using Ingenuity Pathway analysis.
Data was submitted to the ArrayExpress database, accession number E-TABM-613. Cells were transfected with pAAV-ACE2. 48 hours after lipofectamine transfection, cells were harvested and lysed. (A) Cell lysates were subjected to western immunoblotting and detected with an anti-ACE2 antibody on a 12% gel under reducing conditions. (B) ACE2 activity was measured in the presence of captopril and DX600. Terminal deoxynucleotidyl transferase dUTP nick end labeling (Tunel) was carried out on heart sections taken at termination from PBS, Enalapril, rAAV6:hPLAP and rAAV6:ACE2 transduced animals.
Figure S9 Gene expression profiling
Total RNA was isolated from heart tissue at termination (4 weeks post-infusion) following treatment with rAAV6:hPLAP or rAAV6:ACE2 and Illumina microarray analysis performed. Ingenuity pathway analysis revealed the dysregulation of a number of genes and pathways. The most altered pathway is shown. Red indicates gene up-regulation for rAAV6:ACE2 vs rAAV6:hPLAP, whilst green represents gene down-regulation for rAAV6:ACE2 vs rAAV6:hPLAP. Grey represents unchanged genes. 
